The nuclear factor of activated T cells (NFAT) family of transcription factors has been primarily identified in immune cells; however, these proteins have been recently found to be functionally active in several other non-immune cell types. NFAT proteins are activated upon different stimuli that lead to increased intracellular calcium levels. Regardless of their widely known cytokine gene expression properties, NFATs have been shown to regulate other genes related to cell cycle progression, cell differentiation and apoptosis, revealing a broader role for these proteins in normal cell physiology. Several reports have addressed the participation of NFATs in many aspects of malignant cell transformation and tumorigenic processes. In this review, we will discuss the involvement of the different NFAT family members in the regulation of cell cycling, differentiation and tumor formation, and also its implications on oncogenesis. Better understanding the mechanisms by which NFATs regulate cell cycle and tumor-related events should be relevant for the development of rational anti-cancer therapies.
Introduction
Cell activation is regulated by an interacting network of transcription factors that determine the expression of different genes. It has been shown that several transcription factors, including the nuclear factor of activated T cells (NFAT) family, play an important role in the control of gene expression during cell activation and differentiation. Most of the work on NFAT proteins has been related to immune cell activation and its mediators, such as cytokines (1) . However, accumulating evidence has been demonstrating that NFAT transcription factors are present in a wide range of cell types and tissues that are not related to the immune system, and implicated in the regulation of genes that control cell cycle progression, cell development and differentiation, angiogenesis, and possibly tumorigenesis (2) (3) (4) (5) (6) (7) . Given the importance of these processes in different stages of cell physiology, it is of considerable interest to understand the mechanisms by which NFAT transcription factors affect cell activation and function. Thus, in this review we will focus on the involvement of the NFAT family of transcription factors in cell cycle regulation, cell differentiation and oncogenesis.
The NFAT family of transcription factors
NFAT was first identified in T cells as a rapidly inducible nuclear factor able to bind to the distal antigen receptor responsive element of the human IL-2 promoter (8) . Over the past few years, studies from several laboratories have indicated that NFAT proteins regulate the expression of different genes, including signaling proteins, cytokines, cell surface receptors, and cell cycle and apoptosis related proteins. The NFAT family of transcription factors encodes four distinct proteins that are regulated by the calcium/ calcineurin signaling pathway, known as NFAT1 (also called NFATp, NFATc2), NFAT2 (NFATc, NFATc1), NFAT3 (NFATc4), and NFAT4 (NFATx, NFATc3), and another protein named NFAT5 (TonE-BP), which is regulated by hyperosmotic stress (1, 9) . NFAT1, the first identified member of the family, was cloned from murine (Ar-5) and human (Jurkat) T cell cDNA libraries (10, 11) . A distinct protein, NFAT2, was also cloned from a Jurkat T cell cDNA library (12) . cDNA clones encoding two other NFAT proteins, NFAT3 and NFAT4, were isolated from Jurkat T cell, human peripheral blood lymphocyte and human thymus cDNA libraries (13, 14) .
Despite their name, NFAT proteins are expressed not only in T cells, but also in other classes of immune and non-immune cells. NFAT1, NFAT2 and NFAT4 are expressed at the protein level in peripheral T and B cells; NFAT1 is also expressed in mast cells, NK cells, and in certain monocytes and macrophages (1, 9, 15) . NFAT1 and NFAT2 mRNAs are expressed in peripheral lymphoid tissues, and NFAT2 mRNA is upregulated in activated T cells and NK cells (12, 14) . NFAT4 mRNA is expressed at high levels in the thymus and at low levels in peripheral lymphoid tissues (13, 14) . However, several data have demonstrated that NFAT proteins are also present in different non-related immune cell lines and tissues, such as neuronal cell line and nervous system tissues, endothelial cell line, skeletal and heart muscle, chondrocytes, keratinocytes, and adipocytes among others (1, 5, 16) . Several isoforms have been described for NFAT1, NFAT2 and NFAT4. Sequence homology represented in all the isoforms suggests two different domains, comprising the DNA-binding domain and the NFAT homology region (11, 17) . The DNA-binding domain, which is located between amino acid residues 400 and 700, is highly conserved within the NFAT family, and shows moderate sequence similarity to the DNA-binding domains of Rel-family proteins (17) . Based on comparisons of binding site sequences, the NFAT binding site is determined to be a 9-bp element, possessing the consensus nucleotide sequence (A/T)GGAAA(A/N)(A/ T/C)N (1,9). In addition, NFAT transcription factors cooperate with AP-1 proteins in DNA binding and transactivation, and this association results in stabilization of the NFAT-DNA interaction (1, 9) . The NFAT homology region is located in the N-terminal region, comprising 300 amino acids, and shows a strong conservation of several sequence motifs characteristic of the NFAT family (11, 13, 14) .
Further on, NFAT transcription factors have been characterized as cytosolic proteins constitutively expressed in resting cells (1) . Upon stimulation of receptors coupled to calcium mobilization, NFAT proteins are activated by calcineurin, the calcium/calmodulinactivated serine-threonine phosphatase (1, 9) . Activation of NFAT by calcineurin is sensitive to calcineurin inhibitors and immunosuppressive agents, such as cyclosporin A and FK506 (1, 15) . Three different steps of activation have been defined for NFAT proteins: dephosphorylation, nuclear translocation, and DNA binding ( Figure 1) . In resting cells, NFAT proteins are phosphorylated and cytoplasmic, and show a low affinity for DNA (18) . Stimuli that trigger calcium mobilization result in rapid dephosphorylation of NFAT proteins and their translocation to the nucleus, where dephosphorylated proteins show increased affinity for DNA (18, 19) . Binding sites for NFAT proteins are present in the promoter/enhancer regions of several inducible genes, including the cytokines IL-2, IL-4, IL-5, IL-13, IFN-γ, and TNF-α; the cell surface proteins CD40L, CTLA-4 and FasL; the enzyme cyclooxygenase-2, and the cell cycle regulator CDK4 (1, 4, 15, 20, 21) . Thus, a large number of inducible genes that regulate cell proliferation, differentiation, survival, and apoptosis are under the control of NFAT proteins.
NFAT and cell cycle regulation
The cell cycle is controlled by a set of protein complexes composed by two basic components: cyclin-dependent kinases (CDK) and their activation partners, the cyclins. Cyclin-CDK activity is regulated in response to appropriate stimuli and plays a key role in controlling cell cycle progression. The expression of specific cyclins is regulated at the transcription level, and dictates the formation of distinct cyclin/CDK complexes at different points of the cell cycle. CDK activity is usually influenced by several mechanisms, such as cyclin degradation (22) and phosphorylation of CDKs by inhibitory proteins, known as CDK inhibitors. CDK inhibitors are composed by two families of proteins: INK4 proteins, which specifically inhibit the catalytic subunit of CDK4 and CDK6, and Cip/Kip proteins, which affect the activity of cyclin D-, E-, and A-dependent kinases (23) .
Different classes of cyclins are defined by the cell cycle phase at which they bind to CDKs and exert their function. During G0/ G1 transition phase, cyclin C stimulates CDK3-mediated phosphorylation of the retinoblastoma protein (pRB), exiting cells from quiescence (24) . In G1 phase, cyclin D-CDK4/6 complex phosphorylates pRB and leads to E2F transcription factor release, which transactivates genes related to S phase entry (23, 25, 26) . During late G1, cyclin E-CDK2 phosphorylates additional sites of the pRB subsequent to cyclin D-CDK4/6 phosphorylation sites, regulating G1/S transition. Cyclin A has been implicated in the control of S phase entry, as well as in the G2/M transition by binding to CDK2 and CDK1, respectively. Mitosis phase events are quite dependent on specific cyclin B-CDK1 complex activity (23, 26) .
Increase of intracellular free calcium is central for cellular activation. Several observations have demonstrated that calcium signal stimulates gene transcription associated with cell cycle progression, and also promotes G1/S phase transition (27) (28) (29) . Furthermore, accumulating evidence suggests that the phosphatase calcineurin plays a major role in the regulation of cell cycle progression by acting during the early stages of G1 phase (20, 30, 31) . Taken together, these results suggest that NFAT proteins, which are activated in consequence of calcium stimulus and calcineurin activity, are central regulators of the cell cycle machinery. Recently, it has been demonstrated that the promoter of CDK4 presents a consensus-binding site for NFAT proteins and is negatively regulated by NFAT1 without AP-1 cooperation (4). This finding demonstrates that NFAT1 directly controls the expression of CDK4 at the transcription level. Furthermore, NFAT1 has been implicated in the control of some cyclin genes, acting as a negative regulator of cyclins A2, E and B1 during lymphocyte activation (3). These results support the idea that the hyperproliferative phenotype observed in NFAT1-/-lymphocytes is related to a deregulated cell cycle progression, suggesting that NFAT1 transcription factor plays a central role in controlling cell cycle during T cell activation (3) . Several other data also support this evidence. It has been shown that cyclosporin A and FK506 inhibit the expression of cyclins A and E in 3T3 fibroblasts (31) . Another evidence for the involvement of NFAT on cell growth has been shown in keratinocyte cells, where cyclosporin A suppressed the expression of p21 WAF1/Cip1 and p27 KIP1 , two CDK inhibitors (32) . Moreover, transactivation of p21 promoter is upregulated by calcineurin and is dependent of Sp1/Sp3 in synergism with NFAT1 and NFAT2 (32) . In addition, it has also been demonstrated that overexpression of NFAT2 in preadipocyte 3T3-L1 cells promoted cell cycle progression even under low serum concentrations and induced altered expression of cell cycle-related genes, such as cyclin D1, cyclin D2, pRB, and c-Myc (6). Finally, preliminary data from our laboratory suggest that NFAT1 directly regulates the expression of cyclin A2 gene (Carvalho LDS and Viola JPB, unpublished observations). This evidence supports the hypothesis that NFAT transcription factors control the expression of cell cycle-related genes and are central regulators of cell cycle progression.
Cell cycle and CD4 + T cell differentiation
Upon primary stimulation, naive CD4 + T lymphocytes (T helper, Th) differentiate into two classes of effector cells with distinct functional abilities (33) . During Th differentiation, these cells commit to a specific and mutually exclusive pattern of cytokine secretion (33) . Th1 cells are characterized by the production of IFN-γ, contributing to cellular immune responses against intracellular pathogens, while Th2 cells produce IL-4, IL-5 and IL-13, participating on the response against extracellular pathogens (33) . Several factors can influence the differentiation pathway of Th cells, specially the conditions prevailing within the microenvironment where T cells encounter antigen (34) . However, the molecular basis for the cell-specific and mutually exclusive expression of Th1 or Th2 cytokines is not yet completely defined. Genetic experiments have implicated several transcription factors in Th cell differentiation, including NFAT, STAT4, STAT6, T-Bet and GATA-3. The proteins T-Bet and GATA-3 have been implicated as critical lineage-specific transcription factors which are sufficient to program Th1 and Th2 cytokine expression profiles, respectively (35, 36) . Conversely, gene disruption of STAT4 and STAT6 indicated that these transcription factors also play major roles in Th differentiation (37, 38) . However, in this section we will focus on reviewing data regarding the role of NFAT family proteins in Th differentiation.
NFAT proteins are present in both Th1 and Th2 cells, and can activate cytokine promoters in both cell types (1, 15) . Also, NFAT transcriptional activity appeared to be similarly regulated during Th1/Th2 development, although it was enhanced in differentiated Th2 cells compared with differentiated Th1 cells (39) . These similarities suggested that the activity of NFAT transcription factors were likely to overlap substantially. However, data generated by in vivo gene disruption of the different NFAT proteins suggest that they may have distinct roles in Th differentiation. NFAT1-/-mice developed normally, and did not exhibit any obvious behavioral deficiencies (40, 41) . However, NFAT1-/-mice consistently showed a marked increase in their immune response. NFAT1-/-mice showed an enhanced Th2 development in both in vivo and in vitro models of Th differentiation, as evidenced by increased levels of IL-4 production (40, 42, 43) . Furthermore, cells from lymph nodes and spleen hyperproliferated in response to different antigen stimulations (41) . Likewise, CD4 + T cells hyperproliferated in vitro in response to anti-CD3 (40) . On the other hand, targeted disruption of NFAT2 resulted in an embryonic lethal phenotype (9, 15) . Complementing RAG-1-or RAG-2-deficient blastocysts with homozygous NFAT2-/-mutant ES cell lines demonstrated that T and B cells from chimeric mice showed reduced proliferation of peripheral lymphocytes when compared to wild-type mice (44, 45) . In an in vitro model of Th differentiation, the chimeric mice displayed a decreased production of IL-4 but normal production of IFN-γ, demonstrating an impaired Th2 response in NFAT2-/-T cells (44, 45) . Taken together, the results observed in NFAT-deficient mice demonstrated that these transcription factors play an important role in Th differentiation, and suggest that NFAT1 and NFAT2 have opposite roles in regulating gene expression in Th cell activation and differentiation. However, the molecular basis of these effects remains to be identified.
Cell cycle entry is one of the first events that occur during lymphocyte activation. Upon T cell receptor (TCR) activation, naive T lymphocytes, which are in a quiescent stage, proliferate, differentiate and acquire their effector functions. It has been shown that T cell differentiation is dependent on the cell cycle entry (46, 47) . Although proliferation and differentiation of CD4 + T cells occur concomitantly during cellular activation, it is still not clear whether they are effectively interconnected. Reiner and colleagues (46) have argued that cell cycle is an important regulator of Th differentiation. IL-4 and IFN-γ production by naive CD4 + T cells could only be detected after one and three rounds of cellular division, respectively, being blocked by cell cycle-arresting drugs (46) . Furthermore, it has been suggested that DNA synthesis is essential for the acquisition of IL-4 production competence in activated CD4 + T cells, since it is blocked by specific drugs that prevent cell cycle progression to S phase, but not to G2/M phase (48) . In contrast, it has been proposed that cell cycling only increases the frequency of cytokine-secreting cells, showing a correlation rather than dependence between cell cycle and differentiation (47, 49) . In fact, non-cycling cells are capable of IFN-γ secretion, suggesting that acquisition of competence to produce IFN-γ can be achieved without entering into S phase (49) . Other studies have argued that cell cycle progression is fundamental to the commitment of a Th cell with its cytokine-secreting profile, including the heritable activation/silencing of lineagedefining players (50) . Actually, the reversibility of Th1 and Th2 populations is lost along the increasing number of cellular divisions and after long-term stimulation (47) . Moreover, it has been shown that T cell differentiation is associated with a dynamic process of histone acetylation and chromatin remodeling at regulatory regions of IL-4 and IFN-γ genes, suggesting that cell cycle could provide a window of opportunity to rearrange genes from an inactive to an active state (47, 51) .
As discussed before, NFAT1-/-T cells show both hyperproliferation and increase in Th2 cytokine expression (40) (41) (42) . However, it is still not clear whether the overexpression of Th2 cytokines, such as IL-4, is dependent on the hyperproliferative response observed in NFAT1-/-T cells or both phenomena are independent. We have hypothesized that NFAT transcription factors coordinately regulate the expression of earlyinducible genes that are involved in cell cycle control, such as cyclin genes, and in Th1/Th2 differentiation, such as IFN-γ and IL-4 cytokines (3). It has been demonstrated that NFAT1 is able to bind to IFN-γ promoter regions and to the IL-4 enhancer in T cells stimulated under Th1 or Th2 conditions, respectively (51) . Since TCR stimulation activates an immediate and global chromatin derepression program in naive T cells, it has been suggested that TCR-inducible transcription factors, such as the preexisting cytoplasmic NFAT1 protein, may bind to regulatory regions of these cytokine genes, initiating localized chromatin remodeling (51) . Finally, we indicate here that NFAT proteins regulate central events during lymphocyte activation, such as cell proliferation and cytokine expression, and may represent an informative model to elucidate the real correlation between cell cycle and Th differentiation.
NFAT and malignant cell transformation
As we discussed until here, NFAT proteins are involved in a variety of cellular mechanisms, and thus represent broader controllers of cell growth and development of normal cells. Several studies have already demonstrated definitive evidence for the involvement of NFAT proteins in the regulation of cell cycle progression, cell differentiation and cell death in different tissues (3, 6, 52, 53) . These findings point to NFAT activation as an essential pathway in normal cell physiology, and therefore suggest that deregulation of NFAT signaling may occur during cellular aberrations and tumorigenic processes.
NFAT proteins have been shown to regulate cell cycle progression by modulating cyclin/CDK gene expression profile (3, 4) . In mouse models, deficiency of NFAT1 transcription factor caused hyperproliferative cellular responses, altered cell cycle control, and increased stage-specific cyclin expression in lymphocytes (3, 40, 41) . NFAT1 protein also repressed the CDK4 gene in T cells, dictating cell cycle re-entry from quiescence (4). Out of the immune system, NFAT1 deficiency also led to uncontrolled cell growth and differentiation of the connective tissue and skeletal muscle cells (52, 54) . These results clearly implicate NFAT1 as a negative controller of early-inducible genes that regulate cell cycle progression and differentiation, and thus suggest a putative tumor suppressor role for this protein in different organ systems.
Although some members of the NFAT family are regulated in a similar way, they seem to play quite different effects during cellular responses. In contrast to NFAT1 effects, NFAT2 as well as NFAT3 and NFAT4 appear to function as inductors of cellular proliferation. NFAT2-deficient lymphocytes present a defect in B and T cell proliferation and an impaired repopulation of both thymus and peripheral lymphoid organs (44, 45) . Recently, Neal and Clipstone (6) have shown that NFAT2 protein controls cellular proliferation of adipocytes by regulating cell cycle-related genes. In skeletal muscle and endothelial cells, NFAT2 activation was also essential for cellular growth and cardiac morphogenesis, respectively (9, 15, 55) . In accordance to NFAT2 data, several mouse models have elucidated the importance of NFAT3 and NFAT4 activation in smooth and skeletal muscle cell differentiation, indicating their role in blood vessels formation and angiogenesis (16, 29) . These results provide evidence for a positive regulatory role of NFAT2 transcription factor in cell cycle machinery and growth signal autonomy, revealing its oncogenic potential.
Another hallmark of tumorigenesis is the ability that cancer cells present to evade cell death. Programmed cell death by apoptosis occurs in virtually all cell types and is precisely regulated at the cellular and molecular levels. Many molecular players have been characterized to take part in the apoptotic process, such as caspases, kinases and transcription factors. In fact, NFAT proteins have shown to bind to promoter regions and upregulate the expression of some effectors of apoptosis, such as TNF-α and FasL (1). It seems that NFAT1 presents a pro-apoptotic role in T lymphocytes since cells lacking this protein showed a decreased expression of FasL and TNF-α and were resistant to apoptosis (53) . Moreover, overexpression of some NFAT members in primary T cells led to increased rates of apoptosis (53) . These results thus suggest that NFAT deregulation may rescue normal cells from apoptosis and enable tumor cell survival. Conversely, some reports have also indicated anti-apoptotic roles for NFAT members. Overexpression of the NFAT2 protein in adipocytes protected cells from undergoing apoptosis in response to growth factor withdrawal (6) . Mice lacking NFAT4 presented impaired expression of the anti-apoptotic protein Bcl-2 and increased thymocyte apoptosis during T cell development in the thymus (56) . Also, NFAT1 showed to rescue lymphocytes from activated-induced cell death upon antigen stimulation in vitro (3) . In spite of the controversial data discussed, NFAT proteins are known regulators of apoptotic mechanisms and may take part in tumor development by sustaining cell survival.
Besides indirect evidence, there is plenty of data demonstrating the effective participation of NFAT proteins in tumor-related processes. Several in vitro and also in vivo reports support NFAT transcription factors as essential targets for better understanding tumor progression pathways. In an elegant work, Neal and Clipstone (6) have investigated the role of NFAT2 in tumorigenesis. A constitutively active form of the NFAT2 protein expressed in the murine 3T3-L1 preadipocyte cell line was able to induce cell transformation and inhibit cell differentiation. Upregulated NFAT2 activity induced the acquisition of well-defined hallmarks of tumorigenesis, including: 1) loss of contactmediated growth inhibition, 2) reduced serum growth requirements, 3) protection from apoptosis, 4) formation of colonies in semisolid media, 5) acquisition of growth autonomy, and 6) formation of tumors in athymic nude mice (6) . Moreover, authors speculate that sustained NFAT2 activity in vivo could be achieved by the continuous presence of a soluble promitogenic/prosurvival factor, which establishes an autocrine regulatory growth loop and leads to cell autonomy. These results provide strong evidence for the oncogenic potential of NFAT2 transcription factor and elicit its participation during tumor progression in vivo. Still, the expression of functional NFAT2 has been also identified in proliferating glioma cells, a nervous system-derived cell line. In line with this, cyclosporin A inhibited the proliferation of these cells and induced apoptotic cell death in a dose-dependent manner (57) . Thus, the correlation between the presence of NFAT proteins and the proliferative status of glioma cells might converge to the participation of NFAT transcription factors in the transformed glioma cell phenotype by regulating an autocrine growth factor stimulation.
The formation of new blood vessels, a process called angiogenesis, is also essential in tumor development, since it supplies oxygen and nutrients during late stages of tumorigenesis. NFAT proteins have been implicated in the regulation of vascular endothelial growth factor-mediated angiogenesis by dictating the expression of cyclooxygenase-2, an enzyme that plays a pivotal role in neovascularization (2, 21) . A very recent data also suggest NFAT1 protein as a convergent factor during angiogenesis, since it regulates the balance between stimulatory and inhibitory angiogenic signals (7) . Beyond angiogenic processes, NFAT proteins have also been related to cellular metastasis. Rao and colleagues (58) have linked the integrinsignaling pathway to the activation of NFAT1 and NFAT5 proteins, which induced carcinoma invasion of cell lines derived from human breast and colon cancer. Integrins are extracellular matrix ligand receptors widely described as controllers of tumor invasion and migration. These results have highlighted NFAT proteins as relevant players in promoting tumor metastasis.
It is evident the involvement of NFAT transcription factors during tumorigenic processes (Figure 2 ). In accordance, antagonists of NFAT proteins inhibit tumor formation, supporting an oncogenic potential for these family of transcription factors (59) . When binding to promoter regions and regulating gene expression, NFATs have shown to cooperate with several protooncogene products, such as c-Fos, c-Jun (AP-1), and Egr proteins (1, 60) . These interactions may result in transcriptional activators or repressors in different moments (Figure 1) . However, the subset of genes regulated by NFAT proteins and its importance during the different stages of tumor progression remain to be elucidated. Strong effort must focus on clarifying this still puzzling participation of NFATs during tumorigenesis.
Final remarks
NFAT transcription factors act as ubiquitous regulators of gene expression during cellular activation. NFAT proteins have diverse effects not only on cytokine expression, but also on cell cycle entry and apoptosis. Cumulative evidence has recently demonstrated that NFAT transcription factors exert important roles in the physiology of different cell types, and not only in cells related to the immune system. As such, NFAT has the potential to participate in malignant cell transformation related to cancer. As we discussed here, NFAT proteins regulate genes involved in cell cycle control, cell death and angiogenesis. Given the importance of these phenomena in the development of cell malignancies, it is of considerable interest to understand the mechanisms by which NFAT affects cell growth, differentiation and function. Finally, understanding more about the cell cycle regulation by NFAT proteins is central to precisely indicate the involvement of these transcription factors in malignant cell transformation and oncogenic processes. Tumor-related processes regulated by NFAT transcription factors. NFAT proteins have shown to directly regulate the expression of genes related to cellular proliferation (e.g., CDK4) and differentiation (e.g., cytokines and growth factors), apoptosis (e.g., FasL), angiogenesis (e.g., cyclooxygenase-2) and tissue invasion mechanisms among others. NFAT = nuclear factor of activated T cells.
